A common 2548G/A promoter variant of the human leptin gene has recently been shown to be associated with variations in circulating leptin levels but available data are still conflicting. The aim of this study was to explore potential associations between the 2548G/A polymorphism and adiposity-related variables, plasma total leptin levels, as well as soluble leptin receptor (sOB-R) levels and free leptin in a group of healthy Greek subjects. One hundred eighteen consecutively enrolled subjects [62 females, 56 males; mean age±SD: 17.7±1.8 years; body mass index (BMI) range: 15.4-35.9 kg/m 2 ] were genotyped for the 2548G/A polymorphism and their BMI, fat free mass, % fat mass, fasting plasma total leptin and sOB-R levels were determined. The ratio leptin/ sOB-R was used as an index of free leptin. No significant differences in genotype and allele frequencies of the 2548G/A polymorphism were detected between normal weight and overweight subjects, and no association was found between this polymorphism and BMI, fat mass or plasma total leptin levels. However, the 2548G/A polymorphism was found to be associated with circulating free leptin levels in a gender specific manner. More specifically, compared to carriers of the 2548G allele, female subjects with the A/A genotype had higher age and fat mass adjusted mean (±SE) plasma concentrations of sOB-R (32.9±7.2 vs. 25.6±3.8 ng/ml, P=0.05), and significantly lower (approx. 50%) leptin/sOB-R values (0.74±0.25 vs. 1.42±0.13, P=0.02). Furthermore, multiple regression analysis revealed that, after adjustment to fat mass, the 2548G/A genotype and gender are significantly associated with free leptin index in the entire study sample. Similar regression models revealed a significant interaction of gender and genotype when considered in addition to fat mass, or fat mass and genotype when considered in addition to gender, as predictors of free leptin index. In conclusion, the common 2548G/A promoter variant of the human leptin gene is associated with plasma free leptin levels through an interaction with adiposity and gender in healthy subjects.
INTRODUCTION
Circulating concentrations of leptin reflect the amount of energy stored in fat and correlate positively with indices of adiposity. However, individuals with a similar degree of adiposity exhibit great variations in plasma leptin concentrations [1] [2] [3] . Hormonal and nutritional factors as well as the recently identified specific soluble leptin receptor (sOB-R) [4] [5] [6] have been proposed as influencing total as well as free leptin concentrations in humans 7, 8 .
Furthermore, in addition to the infrequent mutations of the leptin gene resulting in morbid obesity in the ob/ob mouse model of obesity 9 , as well as a few rare cases of obesity in humans 10, 11 , genetic variation in the regulatory region of the human leptin gene may partially explain the underlying interindividual differences in leptin levels and may play a role in human obesity [12] [13] [14] [15] .
Several sequence variants have been detected within the 5´ flanking region of the human leptin gene 12, 16 . One of these polymorphisms, a common 2548G/A leptin promoter variant, has previously been shown to be associated with either variations in serum leptin levels or the degree of obesity in obese and overweight subjects [12] [13] [14] [15] [16] . However, the reported data are conflicting. Mammés et al 12 , found that the less frequent 2548A allele is associated with higher leptin levels at baseline (P=0.04), irrespective of BMI, and that the 2548G/A polymorphism predicts weight loss in response to a low calorie diet. In a subsequent study 13 , the same researchers reported that male, but not female, subjects homozygous for the 2548A allele had higher leptin concentrations adjusted for fat mass (P=0.05). Recently, Hoffstedt et al 14 found that nonobese women with the A/A genotype had higher serum leptin levels adjusted for BMI (P=0.03) and significantly higher adipose tissue leptin mRNA levels (P=0.01) than did carriers of the 2548G allele. In another study, Le Stunff et al 15 also reported evidence of association between this genetic variant and circulating leptin levels in two independent cohorts of obese Caucasian girls, but in contrast with the previous two studies 13, 14 , girls with the A/A genotype (referred to as / genotype) exhibited lower mean leptin levels compared to those with G/A and G/G genotypes (20-25% lower, P<0.02).
The discordant observations in these studies could be attributed to age related and/or gender specific effects of the polymorphism 14, 15 . In addition to the potential confounding effect of age and gender, it has also been suggested that fat mass and gender may play a role as effect modifiers 15 . Finally, it is also possible that sOB-R, not measured in the previous studies, may also confound or modify the association between leptin and the polymorphism of interest. Leptin circulates both in bound and free form and both sOB-R (the main leptin binding protein in plasma and determinant of free leptin), as well as the fraction of free/ total leptin, vary according to gender and in several physiological and metabolic states including adiposity [4] [5] [6] . No previous studies have explored the association of sequence variants in the regulatory region of the leptin gene with plasma leptin concentrations after adjusting for sOB-R and no previous studies have explored whether gender and fat mass may play a role as effect modifiers of this association.
In order to explore whether the discordant observations of the previous studies [12] [13] [14] [15] are due to one or more of the above reasons, we studied the associations between the 2548G/A polymorphism of the leptin gene promoter, not only with total leptin but also with sOB-R and free leptin. This study utilizes data from a homogeneous sample of young healthy subjects of different genetic background than that of subjects enrolled in previous studies, and also includes, as a negative control, another polymorphism of the leptin gene promoter (188C/A), previously found not to be associated with obesity, serum leptin levels or other obesity-related traits 17 .
SUBJECTS AND METHODOLOGY
Subjects. One hundred twenty, consecutively enrolled, Greek high-school students participated in this study. They were all investigated in the morning after an overnight fast. Blood samples were obtained in all but two subjects, leaving 118 subjects (62 females and 56 males, mean age ± SD: 17.7 ± 1.8 years) for subsequent analysis. Plasma was immediately frozen at -70 o C until shipped, under code for analyte determination, packed in dry ice. The buffy coats of nucleated cells were used for the extraction of DNA. Anthropometric and body composition measurements were performed in all study participants. In addition, participants were asked to complete specific self-administered questionnaires on demographic characteristics, general health status, daily exercise, as well as smok-ing and alcohol drinking habits. All subjects were healthy. None was on regular medication or had undertaken any weight-reduction effort during the last six-month period. All female participants reported themselves as having regular menstrual cycles. The protocol of this study was approved by the Ethics Committee of Harokopio University. Written informed consent was obtained from all subjects and their parents.
Anthropometry and body composition assessment. Standardized procedures were used in performing anthropometric and body composition measurements, as previously described 18 . For all subjects, weight and height were measured to the nearest 0.5 kg and 0.5 cm, respectively, and the body mass index (BMI) was calculated as weight (kilograms) divided by height (meters) squared. Waist, hip and arm circumferences were also measured to a precision of 0.1 cm, and the waist-to-hip (W/H) ratio was calculated. In addition, triceps, biceps, subscapular and suprailic skinfolds were measured twice by the same observer on the right side of the body to a precision of 0.2 mm, and the average of the two measurements was used. Body composition was assessed by bioelectrical impedance analysis, and fat free mass (FFM) and percent fat mass (%FM) were calculated as previously described 18 .
Leptin and sOB-R measurements. Plasma total leptin concentrations (nanograms per milliliter) were evaluated in one run using radioimmunoassay (RIA) (Linco Research, St Louis, MO) with a sensitivity of 0.5 ng/ml, as previously described 18, 19 . Soluble leptin receptor (sOB-R) concentrations (ng/ml) were evaluated using a commercially available enzyme-linked immunosorbent assay (ELISA) (BioVendor Laboratory Medicine, Inc., Brno, Czech Republic), with a sensitivity of 0.8 ng/ml and an intra-assay CV of less than 6%, as previously described 19 . The characteristics of the assay for sOB-R were evaluated extensively and compared with those obtained using a newly developed ligand-immunofunctional assay (LIFA) 19, 20 .
DNA analysis. Genomic DNA was extracted from leukocyte nuclei as previously described 18 . The human leptin gene promoter 2548G/A genotype was determined after restriction fragment length polymorphism (RFLP) analysis of polymerase chain reaction (PCR) amplified DNA, as described by Mammés et al 13 . The polymorphism was defined by presence (when G at position 2548 from the transcription initiation site of the leptin gene) or absence (when A) of a Cfo I restriction site 13 . The leptin gene promoter 188C/A genotype was determined by PCR-RFLP analysis, as described by Oksanen et al 17 . The common allele with the presence of a BssH II cutting site at position 188 (presence of a C at position 188) was designated as C, and the variant allele lacking this site (188A) as allele A 17 .
Statistical analysis. Statistical analyses were performed using the SPSS statistical software (SPSS for windows, release 10.0.5). Descriptive statistics are presented as mean values ± standard deviation (SD). Allele frequencies were estimated by the gene counting method, and differences in genotype distributions or allele frequencies were tested by chi-square analysis. Associations of quantitative traits with genotype variables were tested by analysis of covariance (General Linear Model procedure), adjusting for age and gender, plus fat mass (or BMI) for leptin, sOB-R and the ratio leptin/sOB-R used as an index of free leptin. Both codominant and recessive for the less common allele models were accessed. Non-normally distributed variables were log-transformed prior to analysis to normalize their distribution, though untransformed mean values are presented. The potential role of the 2548A/G polymorphism, fat mass and gender in predicting leptin and leptin/sOB-R values was examined using multiple regression analyses. In these analyses, the leptin gene promoter 2548 genotype was introduced as a dichotomous variable; subjects who were homozygous for the less common 2548A allele were compared with subjects who carried at least one 2548G allele (i.e. a recessive model for 2548A). This study had more than 80% power to demonstrate statistically significant associations at the conventional a=0.05 level if the underlying associations were strong or moderate, i.e. they had an r ³ 0.22. P-values presented in this paper are two-tailed.
RESULTS
Subjects mean (± SD) BMI was 22. Descriptive statistics of the study variables for females and males are shown in Table 1 . Females, compared to males, had lower BMI (P=0.001) and FFM values (P<0.001) and a higher sum of four skinfolds (P<0.01) and %FM values (P<0.001). Additionally, females had higher plasma leptin concentrations, lower sOB-R concentrations and higher leptin/sOB-R values (each P<0.001, by unpaired t-test).
The genotype distribution and allele frequencies for the 2548G/A and the 188C/A polymorphisms are presented in Table 2 . Both polymorphisms were in Hardy-Weinberg equilibrium. Only nine individuals were heterozygous for the rare 188A allele of the 188C/A polymorphism and no one homozygous for this allele (188A allele frequency: 0.04, Table 2 ). The estimated 188A allele frequency in our Greek sample is less than that found among obese and lean Finnish adults 17 . This polymorphic locus, which, based on data from previously published observations, was used as a negative control in this study, was associated with neither obesity nor leptin levels as expected (data not shown). The 2548G/A polymorphism was common among the study participants, with the 2548A allele being the less frequent allele (2548A allele frequency: 0.47, Table 2 ). There were no differences of genotype and allele frequencies of this polymorphism between genders, nor were there differences in allele frequency between subjects with BMI £ 25 kg/m 2 (n=89) and the group of overweight subjects (BMI > 25 kg/m 2 , n=29) (data not shown).
In the 118 young Greek subjects, analysis of covariance (ANCOVA) of several adiposity-related variables across genotypes of the 2548G/A polymorphism revealed no significant association of the 2548 polymorphic locus with body composition parameters, in- Comparisons between males and females by unpaired t-test cluding BMI, fat mass, W/H ratio and sum of four skinfolds, or with plasma total leptin levels (data not shown). However, we detected an association of borderline significance between the 2548G/A genotype and the ratio leptin/sOB-R (P=0.06 by ANCOVA adjusting for gender, age and fat mass), with subjects homozygous for the less frequent 2548A allele (A/A genotype) exhibiting lower leptin/sOB-R values compared to those with the G/G or G/A genotypes. In all further analyses, subjects with the A/A genotype were compared to subjects carrying at least one 2548G allele, as leptin/sOB-R values were similar between the G/A and G/G subjects (i.e. a recessive model for 2548A). The results of these analyses are shown in Table 3 . Mean leptin/sOB-R values, adjusted for fat mass, age and gender, were approximately 50% lower in A/A subjects than in G/A and G/G subjects (0.44 ± 0.17 vs. 0.85 ± 0.10, P=0.05). Similar models showed statistically significant differences in females, but not in males (Table 3 ). Compared to carriers of the 2548G allele, female subjects with the A/A genotype had higher age and fat mass adjusted mean plasma concentrations of sOB-R (32.9 ± 7.2 vs. 25.6 ± 3.8 ng/ml, P=0.05), and significantly lower (approx. 50%) leptin/sOB-R values (0.74 ± 0.25 vs. 1.42 ± 0.13, P=0.02). They also exhibited lower levels of plasma total leptin (approx. 20%), but this difference did not achieve statistical significance (Table 3 ). The above results were similar when fat mass was substituted for BMI in the statistical analyses, or after adjustment for exercise and smoking status.
To further explore the contribution of the 2548G/ A polymorphism in explaining the variation in leptin/ sOB-R values, multiple regression analyses were performed, using as independent variables genotype, fat mass and gender. Results revealed that genotype, fat mass and gender are significant and independent predictors of the ratio leptin/sOB-R in this group of healthy Greek subjects, explaining 40% of the variance (Table 4) . In additional models, an interaction term involving fat mass and genotype (fat mass x genotype), or gender and genotype (gender x genotype), was introduced to the above multiple regression model, in order to ascertain whether there is an interaction between these factors in predicting free leptin index. We found a significant association of the ratio leptin/sOB-R with the interaction of genotype and fat mass (std beta=0.92, P=0.02) in addition to a signif- Beta: Standardized regression coefficient, r: partial correlation coefficient icant association with gender (std beta=0.38, P<0.001). Similarly, in addition to fat mass (std beta=0.43, P<0.001), an interaction of genotype and gender in predicting free leptin index (std beta=0.81, P=0.03) was observed in the entire study sample. Moreover, the addition of an interaction term explains a higher percentage of variance indicating that an interaction of the factors studied may have physiological significance. In females only, both the 2548G/A genotype (std beta=0.19, P=0.02) and fat mass (std beta=0.74, P<0.001) are significant predictors of the ratio leptin/sOB-R, explaining 60% of the variance. In contrast, a significant association of leptin/sOB-R with fat mass (std beta=0.40, P=0.002) but not genotype (std beta=0.08, P=0.52), was observed in males, indicating that this polymorphism does not play a role of comparable importance in men.
DISCUSSION
The presence of polymorphisms in the promoter region of the human leptin gene has recently been associated with variations in circulating leptin levels. Since conflicting data on the potential importance of the common 2548G/A promoter variant have previously been published [12] [13] [14] [15] , we explored the associations between this genetic variant and plasma total leptin levels, as well as soluble leptin receptor (sOB-R) and free leptin, in a Greek sample of healthy subjects.
The leptin gene promoter 2548G/A polymorphism was recently shown to be associated with extreme obesity in North American Caucasian women 16 , in whom the G allele was more frequent in 125 unrelated extremely obese (BMI ³ 40 kg/m 2 ) than 86 averageweight (BMI < 27 kg/m 2 ) subjects (0.65 vs. 0.49, P=0.017); however, leptin levels were not measured in that study. Mammés et al 13 also reported a significantly higher prevalence of G (or less A) alleles in overweight (BMI ³ 27 kg/m 2 ) than normal weight subjects (G allele frequency 0.64 vs. 0.54, P<0.01), although the higher frequency of the G allele in overweight subjects was significant in men but not in women. In our study population, G and A allele frequencies (G allele frequency: 0.53) are similar to those reported for normal Caucasians in the previous two studies 13, 16 . However, no significant differences in genotype or allele frequencies were detected between normal weight and overweight (BMI > 25 kg/m 2 ) subjects (data not shown), but a small proportion of our sample was extremely obese. Our finding is in agreement with a study by Le Stunff et al 15 showing a comparable genotype distribution between two independent Caucasian cohorts of obese girls, a group of related subjects of normal weight and a group of 116 lean Caucasian adults. Furthermore, we found no association of the 2548G/A polymorphism with common obesity-related variables, including BMI, fat mass and percent fat mass, by univariate analysis.
Previous studies have shown both increased 13, 14 and decreased 15 levels of circulating leptin in subjects carrying the A/A genotype of the leptin gene promoter 2548G/A polymorphism. Hoffstedt et al 14 investigated whether this polymorphism influences gene expression and adipose tissue production of leptin in 39 non-obese women. They found that women with the A/A genotype had higher serum leptin levels adjusted for BMI (P=0.03) and significantly higher adipose tissue leptin secretion rates (P=0.02) and mRNA levels (P=0.01) than did carriers of the 2548G allele. In the study by Mammés et al 13 , men with the A/A genotype also exhibited higher serum total leptin levels than did male carriers of the G allele (15-20% higher, P=0.05), but in contrast to the previous study no similar effect of genotype was observed in women of this study (females with the A/A genotype were shown to have approx. 20% lower leptin levels, but this effect did not achieve statistical significance, P=0.1). The opposite genotypic effect was reported in the study by Le Stunff et al 15 . In this study, obese girls with the A/A genotype exhibited 20-25% lower leptin values for a given fat mass than those of other genotypes (P<0.02). Although the reasons for the discordance of findings in these studies are unknown, they could be attributed to age related modifications in leptin physiology and/or gender specific effects of the polymorphism.
Our results in a homogeneous sample of young healthy subjects support the hypothesis that the 2548G/A polymorphism is associated with free circulating leptin levels, after adjustment for fat mass (or BMI), in a gender specific manner. More specifically, free leptin levels adjusted for fat mass were approx. 50% lower in female, but not male, subjects with the A/A genotype compared to those with the G/G and G/A genotypes (P=0.02). Similarly, specific interaction models indicated a significant interaction between gender and genotype, as well as fat mass and genotype, in predicting circulating free leptin levels. Although a similar trend was also observed for total leptin levels (i.e. mean plasma total leptin levels adjusted for fat mass were approx. 20% lower in females with the A/A genotype than in G/A and G/G subjects), this trend did not achieve statistical significance. However, females with the A/A genotype had statistically significant higher fat mass adjusted mean sOB-R levels than did female carriers of the 2548G allele (approx. 30% higher, P=0.05). We have previously shown in observational and interventional studies in humans that circulating sOB-R levels are regulated by gender, adiposity, sex steroids and leptin 19 . Most importantly, leptin was found to reciprocally regulate circulating levels of its own binding protein 19 , which suggests that the binding protein may be up-regulated in states of decreased leptin expression. In this respect, the higher sOB-R levels observed in female subjects with the A/A genotype may be secondary to the lower total letpin levels, which in turn influences free leptin levels. In the study by Le Stunff et al, 15 obese girls with the A/A genotype also exhibited lower serum total leptin levels of similar magnitude with our study, but in that study the difference achieved statistical significance (absolute values; P=0.016, and after normalization to body fat; P=0.017) probably due to the studys relatively larger size and high power. Moreover, in our study the free and presumably biologically more active leptin levels were even lower (approx. 50%) than total leptin levels, suggesting that this is of physiological significance.
Our study provides no direct insights into the mechanisms responsible for the observed genotypic effects. The leptin gene promoter 2548 polymorphic locus does not correspond to a known binding site sequence for transcription factors and the 2548G®A substitution does not modify or create any already known regulating site 13, 14 . It has been proposed that 2548G/ A polymorphism may be located in a regulating site specific for leptin as yet unidentified 13 . In this respect, it has recently been shown that nuclear factors extracted from both U937 cells and subcutaneous adipocytes (the nature of which is at present unknown) bind with higher affinity to the 2548A allele 14 , which indicates that the 2548 polymorphic site may modify the transcription rate of the leptin gene. This, however, does not exclude the possibility that the polymorphism is in linkage disequilibrium with other regulatory sequences influencing transcription of the leptin gene. The effect modification by gender shown in this study raises the possibility of an interaction between this polymorphism and an Estrogen Response Element of the leptin gene promoter. This hypothesis remains to be conclusively proven by further studies.
The power of the entire study was appropriately high (80%) to demonstrate statistically significant associations that could be of clinical importance (i.e. those with an r ³ 0.22). The study was not powered for subgroup analysis but the fact that the associations studied in females are of statistical significance provides reassurance regarding the validity of the data presented herein.
In summary, we have shown that the 2548G/A polymorphism in the promoter region of the human leptin gene is associated with plasma free leptin but not obesity indices in healthy subjects. Moreover, our data point to an interaction of gender and genotype, as well as fat mass and genotype in predicting free leptin levels. Thus, these observations not only confirm but also extend previously published data.
